First heart sound, splitting of T HE SUCCESSFUL use of a supported aortic valve homograft (SAVH) to replace a diseased mitral valve provides an opportunity to examine a unique first heart sound in man. Since the chordae tendineae and papillary muscles are surgically removed, the role of these structures in the production of the first heart sound can be indirectly assessed. The effect of replacing the more complicated structure of the mitral valve by a normal aortic valve can be determined. It has been proposed that the third heart sound is produced when the left ventricle elongates rapidly during early diastole and suddenly From the
SUMMARY
Phonocardiographic, hemodynamic, angiographic, and cardiac echographic studies have been performed on 11 patients whose diseased mitral valves have been replaced by a supported aortic valve homograft. The chordae tendineae and papillary muscles were removed in all patients during the operation. Apical first heart sounds of normal intensity were present in all patients after surgery. Nine patients exhibited splitting of the first sound. The initial component occurred when bulging of the homograft leaflets into the atrium was suddenly checked after the onset of ventricular systole. The second component occurred at the onset of rapid annular motion toward the base. Both sounds thus appear to originate in the homograft valve. Four patients had third heart sounds of left ventricular origin. The homograft leaflets were open and demonstrated no abrupt motion at the time of the third sound. It is evident that the third heart sound may occur in the absence of chordae tendineae and papillary muscles.
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Results

Auscultatory Findings
The first heart sound was easily heard in all patients with maximal loudness at the apex. The sound was of normal intensity in seven patients and faint in four. In nine patients distinct close splitting of the sound at the apex could be identified. Vhen atrial fibrillation was present, the first sound did not vary predictably in intensity in the usual manner with variable diastolic intervals. In three patients the loudness of the first sound varied paradoxically with the duration of the preceding filling period; in other words, faint sounds followed short filling periods and sounds of normal intensity followed long filling periods.
Very short diastolic intervals were not fol-311 Figure 1 The phonocardiogram, recorded from the apical area, the electrocardiogram, and the carotid pulse tracing of a patient with an SAVH in the mitral position. The early low-frequency muscular component precedes the split first sound. Late vibrations coincide with the carotid upstroke.
lowed by accentuated sounds. The first sound was not louder in patients with sinus rhythm compared to patients with atrial fibrillation.
In one patient (case 2) a prominent third heart sound was easily heard with maximal loudness at the apex. The sound had the usual dull, thudding quality of a gallop sound; it was not clicking or snapping. There was a moderate respiratory variation in loudness with an increase in intensity during expiration. The sound was only faintly heard at the lower sternal edge and base of the heart. In three other patients a faint third sound was heard.
In three patients a soft, full-length, apical systolic murmur of moderate intensity (grade II-III) was present. The murmur had the usual blowing quality of a mitral regurgitant murmur.
Second sound splitting was normal in all patients. No opening snaps were heard. In the four patients who had aortic homograft replacement, in addition to mitral valve replacement, an aortic diastolic murmur was present in one patient.
Phonocardiography First Heart Sound
In all patients careful study of phonocardiograms from the apex or lower sternal edge revealed two distinct major components of the first heart sound. The initial component began an average 0.07 sec after the QRS onset (range 0.06 to 0.08 sec). The second component occurred 0.10 sec (range 0.075 to 0.12 sec) after the QRS onset. Both components were usually of approximately equal loudness and clearly formed the loudest portion of the first heart sound at the apex (figs. 1 
and 2).
In all patients faint low-frequency vibrations preceded the major component of the first sound but followed the QRS onset by 0.028 sec (range 0.02 to 0.04 sec). These vibrations were similar in appearance and timing to early low-frequency components of the first sound in preoperative phonocardiograms (figs. 1 and 2).
In nine patients late vibrations followed the first heart sound and were compatible in timing and appearance with ejection sounds.
These sounds began 0.14 sec (0.12 to 0. Abbreviations: Q-M = Q to onset of initial low-frequency "muscular" component of first sound; Q-1 = Q to first loud component of first sound; Q-2 = Q to second loud component of first sound; Q-ES = Q to late or ejection component of first sound; A2-P2 = interval from aortic to pulmonic closure.
after the QRS onset ( fig. 1) The movements of the anterior leaflet of the SAVH were analyzed by means of cardiac echography. As would be expected, there was a marked difference between the movements of a normal mitral valve and those of the SAVH, because the leaflets of the former are considerably larger than those of an aortic valve. Figure 5 shows a comparison of the movements in situ of the norrnal aortic valve and the SAVH. The leaflet producing an echo has a similar total excursion and wave form of motion in either aortic or mitral location. Simultaneously recorded phonocardiogram and echogram of the homograft valve ("square wave" in the lower portion of the figure) with lead 11 of the electrocardiogram on both records from patient R.C. The premature ventricular beat seen on these records allowed alignment of the separate phonocardiogram and echogram in this patient with atrial fibrillation. The second component of the first heart sound occurs approximately 0.08 sec after the onset of each QRS complex, and coincides with the trough of the homograft valve closure wave in each supraventricular beat. The second component of the first heart sound occurs 0.12 sec after the onset of the premature beat but again coincides with the trough of the homograft valve closure wave. Figure 5 shows the actual separation of two of the SAVH leaflets at the onset of ejection and coaption of these leaflets at the end of systole. Only one of the homograft leaflets is seen, and it opens (moves toward the transducer) at the onset of diastole and closes at the onset of systole.
A comparison was made of the time of closure of the homograft valve, as indicated by abrupt cessation of the rapid posterior movement of the leaflet, and the time of appearance of the first heart sound. Figure 6 shows that the first major component of the first heart sound coincides with the trough of the mitral closure wave. The simultaneously recorded cardiac echogram ( fig. 7 ).
Cineangiographic Study
The cineangiocardiograms clearly showed the movements of the mitral valve ring. In two cases the valve leaflets could also be well seen. During isometric contraction of the ventricle, the valve ring moved toward the base, and the valve leaflets coapted as they bulged suddenly into the atrium. Figure 8 shows High-speed pressure tracings7 with the electrocardiogram in one patient revealed the presence of three sharp deflections in the ascending limb of the left ventricular pressure trace. The first occurred 0.06 sec after the QRS onset and 0.02 sec after the LV-LA crossover point. The second occurred 0.09 sec after the QRS onset. The third occurred higher on the ascending limb 0.14 sec after the QRS onset and 0.02 sec after the LV-aortic crossover point. These deflections probably reflect left ventricular sounds and correspond approximately in their time relationships to the externally recorded sounds (table 2) . A study of the movements of the SAVH by angiography in this patient using a simultaneously recorded reference electrocardiogram, indicated that the first deflection occurred at the time the doming of the leaflets of the SAVH was suddenly checked early in systole. The second deflection occurred at the time the domed leaflets and the support ring were accelerated suddenly toward the apex, and the third deflection occurred just after the onset of ejection into the aorta.
Discussion
The present study has demonstrated the presence of four components to the first heart sound in patients whose mitral valves have been replaced by an SAVH.
Muscular Component
These vibrations are present prior to surgery and probably represent a muscular or nonvalvar sound. The Vibrations following the major components of the first sound correspond in timing and character to ejection sounds. The presence of these sounds at the apex and the absence of pulmonary hypertension in the patients suggest that these sounds are aortic in origin.
The occurrence of a third heart sound in the absence of chordae tendineae and papillary muscles indicates that these structures cannot be involved in the mechanism of the third sound in the patients described in this report. The sharp deflection in the apex impulse trace at the time of the third sound has been attributed by Nixon' to the jerk of the chordae at the time of rapid ventricular filling. The presence of this deflection in patient 2 (M.B.) would appear to exclude the possibility that the chordae are involved in this phenomenon.
However, these conclusions should be accepted with some reservation. In excision of the mitral valve, all of the chordae may not be removed. Short chordae may arise directly from the ventricular myocardium and insert into the posterior leaflet of the mitral valve close to the annulus. Lam The possibility that the third heart sound arises in the left ventricular wall cannot be answered by the present study. The angiographic demonstration that no abrupt checking of the diastolic filling motion of the left ventricular chamber occurred at the time of the third sound makes a muscular origin of the sound somewhat unlikely. Third heart sounds or "pericardial knocks" occurring in constrictive pericarditis, for example, are clearly associated with a sudden checking of the diastolic filling motion of the left ventricle.'4' l These sounds occur earlier in diastole than the third heart sound.
The incidence of third and fourth heart sounds in patients with SAVH replacement of the mitral valve appears to be low. A survey in our laboratory of 40 patients, including the present group, revealed five with third heart sounds. One was loud (reported in this paper) and three were faint. Two patients had faint fourth heart sounds.
Several observers have noted that third heart sounds are absent in patients whose mitral valves have been replaced by a StarrEdwards prosthesis.2' 3 This has been ascribed to the loss of chordae tendineae and papillary muscles, and the observations have been used as indirect support for the concept that the third heart sound results from chordal tension. Since the present study indicates that the chordae are not essential for third heart sound production, one might inquire why third heart sounds do not occur following replacement of the mitral valve with an artificial prosthetic valve. Two possibilities exist: (1) The degree of mitral orifice obstruction by the prosthetic valve reduced the rate of left ventricular filling below that required for the production of a third heart sound. This problem might be surmounted by a search for third heart sounds in patients who have a leak around the StarrEdwards prosthesis which permits rapid ventricular filling to occur through the leak and the valve orifice. (2) Valve leaflets in the mitral position are necessary to produce a third heart sound. The latter possibility is supported by the present study and by Marshall and Gibson"6 who have observed a third sound in 11 patients with homograft replacement of the mitral valve. It is evident that studies of heart sounds in patients with prosthetic or homograft valves will continue to yield important information regarding the mechanism of production of normal heart sounds.
